). A small potassium loss might be expected to increase the extracellular concentration next to the myocardial cell membrane, thereby altering the potassium equilibrium potential and, consequently, because of the relatively high potassium permeability, the resting membrane potential. This, in turn, would alter voltage-dependent conductances such as the sodium system. This has led to the postulation that an increase in extracellular potassium is involved in the genesis of cardiac arrhythmias immediately following myocardial infarction. Supported by the American Heart Association, Texas Affiliate, and The American Heart Association.
Received October 20, 1975 : accepted for publication June 22, 1976. coronary occlusion a rise in lactate concentration of coronary sinus blood occurs as a result of anaerobic metabolism. Simultaneously, coronary sinus potassium rises.' Coronary sinus lactate and potassium rise simultaneously in man in angina pectoris.' 1 This has led to speculation that increases in either hydrogen or lactate ion concentrations are at least partially responsible for potassium loss. Direct measurements have been made of pH in ischemic heart tissue. Gebert et al. 5 have demonstrated that pH decreases 0.65 pH unit in the ischemic area after 30 minutes of occlusion and 1.2 pH units following fibrillation. Couch and Middleton" reported a surface pH of 5.99 in heart after 1 hour of ischemia at 38°C and Cohn et al., 7 a mean pH of 7.08 in ischemic areas during fibrillation. The effect of extracellular acidity at constant Pco, on cardiac potassium has been investigated by Page et al, * who showed that total potassium decreases in cat papillary muscle bathed in Ringer's solution at pH 5.2, and by Grassi et al., 9 who showed potassium loss from isolated perfused rat heart at pH 6.8. Cameron and Poole-Wilson, 10 however, reported intracellular cardiac po-tassium increases in both experimentally induced respiratory and metabolic acidosis in rabbits. Poole-Wilson and Langer" showed no changes in potassium fluxes in the perfused rabbit septum when pH was decreased from 7.41 to 6.12 by decreasing HCO,~ at constant P c o , .
The effect of extracellular acidity on net potassium movements from individual rabbit atrial cells was investigated to determine whether extracellular potassium levels changed, and to what extent membrane potential was affected. This problem was approached through the use of potassium-sensitive microelectrodes to measure the extracellular and intracellular potassium as the pH of the bathing solution was varied. Electrical activity of nearby cells was recorded for correlation with the extracellular potassium levels.
Methods
New Zealand white rabbits were killed by a blow to the back of the neck. The heart was excised and the atria were dissected free. A right or left atrium was placed in the perfusion dish and opened with the endocardial surface facing upward. The tissue was paced at a constant rate of 60 or 90 beats/min (unless otherwise specified), since changes in frequency have been shown to alter extracellular potassium in frog ventricle. 12 The tissue was superfused with solutions gassed with 95% O,-5% C O , , and having the following composition: NaCl, 120 mM; KC1, 3.8 mM; K H j P O , , 1.0 mM; MgSO 4 , 1.2 mM; N a H C O , , 25 mM; CaCl 2 , 1.4 mM; and dextrose, 5.6 mM. The pH of this solution was 7.5. Solutions of pH 6.8 and pH 6.1 also were prepared. These values were chosen since they lie within the range reported in ischemic heart muscle in vivo. pH 6.8 was prepared by decreasing N a H C O , to 5 mM and increasing NaCl to 140 mM. For pH 6.1, N a H C O , was decreased to 1 mM, NaCl increased to 144 mM.
The bathing solution was maintained at 37°C. The pH in the bath was monitored continuously using a miniature electrode drawn of pH-sensitive glass (Corning). The pH recorded in the bath is that reported in the results. The solution was perfused at a rate of 15-20 ml/min. The chamber volume was 3 ml. The P c o 2 and Po 2 were sampled periodically and measured using a gas analyzer (Instrumentation Laboratories, model 213). The intracellular electrical activity was recorded using 3 M KCl-filled microelectrodes with resistance of 10-15 Mfi. The microelectrode was connected to a WPI M701 microprobe system (W-P Instruments, M701) and the activity was displayed on a Tektronix oscilloscope (D10) and on a Honeywell Visicorder. The output was actively differentiated (linear to 600 V/sec) and displayed simultaneously on a second channel.
POTASSIUM-SENSITIVE ELECTRODES
The potassium electrode used in these experiments is a glass micropipette (one side of a double-barrel pipette) with potassium-sensitive liquid ion exchanger in the tip. At the tip a potential is developed which is proportional to the logarithm of the potassium activity of the solution surrounding the tip. The electrode measures this potential plus any electrical potential at the tip. The electrical potential may be subtracted from the ion electrode reading using the value simultaneously recorded by an adjacent electrolyte-filled barrel. This, then, gives the potential due to the potassium activity. The preparation of double-barrel electrodes has been reported by other groups."• M The basic procedure used for the potassium barrel is that described by Walker 16 for single barrel electrodes. 16 Double-barrel tubing was used to draw microelectrodes with a total tip diameter varying from 2 /iin to less than 1 /im. The tips of the electrodes were dipped in a solution of 2-4% tri-n-butylchlorosilane in chloronaphthalene and dried at 25O°C for 10-15 minutes. One barrel was then back-filled with liquid ion exchanger (Corning 477317) to form a 1-cm column at the tip. The remainder of that barrel was filled with 0.5 M KC1. The other barrel to be used for measuring intracellular or extracellular potential was filled with 1 M NaCl or 0.5 M Na,SO«. The potassium barrel was calibrated in K G solutions of 1 M, 0.1 M, 0.01 M, and 0.001 M. The slope of electrodes used in these experiments was 55 mV or better at 37°C.
The selectivity of the ion exchanger for K over Na is reported to be 50:J
. " This was checked by calibrating in mixed Na-K solutions at a constant ionic strength. The selectivity coefficient was 47:1 to 50:1 for electrodes prepared in this manner. The pH of the Na-K solutions was adjusted using phosphate or bicarbonate-CO, buffers, between 5.5 and 8.0. The selectivity was unaffected in this range. The potassium electrode was connected via an Ag/AgCl wire to an Analog Devices 31 U amplifier (input impedance = 10 1 * 12). The reference electrode was a 3 ,M KCl-filled broken tip electrode in the bath. The output was displayed on an oscilloscope and Brush recorder. The potential measuring half of the double-barreled electrode was similarly connected and displayed. The time constant of the ion-sensitive electrode ranged from 75 msec to 200 msec. Since only slow changes (minutes) in potassium activity were studied, the time constant was adequate. Stimulation was discontinued when intracellular measurements were made, since the time constants of the two electrodes were not matched. Potassium activity was calculated as follows (see Walker 16 ):
potassium activity in the extracellular space or intracellular potassium activity of bathing solution selectivity coefficient sodium activity of bathing solution valence of ion correction factor for non-ideal slope potential of potassium electrode in space or cell potential of potassium electrode in bath potential of electrolyte-filled barrel sodium activity in space or intracellular Intracellular recordings were made using the electrodes having tips < 1 ^m in diameter. Potassium electrodes measure activity (a), not concentration. Conversion to concentration (c) may be made by using 0.74 (Debye-Huckel equation; Davies modification") as an activity coefficient (0 with a = fc. Results Potassium in the extracellular space was measured by advancing the microelectrode through the endocardium, into a myocardial cell identified by a sudden negative voltage step to about -80 mV and by the presence of a cardiac action potential. A positive step back to 0 mV as the electrode passed throuh the cell to the extracellular space was recorded by the electrolyte-filled barrel. When the electrode was inserted into a space in this manner, the reading of potassium activity matched that of the bath (3.6 mM). The value remained stable over a 4-hour period in six control preparations, indicating that any potassium loss occurring as a result of deterioration of the preparation was low enough not to produce an increase in extracellular potassium concentration. Those preparations in which the extracellular space initially showed a higher potassium than the bathing solution were losing potassium and subsequently deteriorated, as evidenced by changes in resting potential, action potential amplitude, and the plateau phase. Such preparations were discarded. The extent to which the space was distorted or enlarged by the presence of the electrode is at present unknown. It must be considered that any such enlargement might affect the magnitude and time course of changes in extracellular potassium reported here.
EFFECT OF CHANGES IN pH ON THE EXTRACELLULAR POTASSIUM ACTIVITY
When the electrode was placed between cell layers in the atrial tissue, the potassium activity was the same as that of the bathing solution (3.6 mM). When the pH of the solution was decreased from 7.5 to 6.1, an increase in extracellular potassium activity was evident within 3 minutes and increased over a period of 30-40 minutes, at which time a fairly stable value was reached and maintained for 1 hour (Fig. I) . It is assumed that during the stable period the amount of potassium leaving the space to the bathing medium is the same as that leaving the cells and entering the space. When the electrode was withdrawn from the space after Vi hour in pH 6.1 and subsequently inserted into other spaces, the measured values were similar to that of the space
TABLE 1 Effects of Acid on Intra-and Extracellular Potassium Activities

Extracellular K (mM)
Intracellular K (mM)
(mV)
E«(mV)
Control in pH 7.5 (n =. 65) After I hour in pH 6.8 (n = 60) After 2 hr in pH 6.8 (n -60) 20 min after return to pH 7.5 (n -70)
3.6 ± 0.000* 3 ± 0.017t 4.0 ± 0.0l9t 3.6 ± 0.019 3.6 ± 0.000* 4.9 ± 0.02If 4. in which the electrode had been inserted during the accumulation. Thus, the increase in potassium was not the result of the presence of the electrode in the space during the acid perfusion period. On return to pH 7.5 the extracellular activity decreased with a time constant of 1.5-20 minutes. In five experiments in which pH was changed from 7.5 to 6.1, extracellular potassium activity increased to a mean value of 1.3 mil over control. In another series of experiments, pH was changed from 7.5 to 6.8. In these five experiments potassium activity in the extracellular space increased to a mean value of 0.3 mM over control after 1 hour (Table 1) .
CHANGES IN INTRACELLULAR POTASSIUM
Intracellular potassium activity measured using the potassium-sensitive electrodes gave a mean value of 87.6 mM in 203 penetrations in a total of 18 preparations. This value is in agreement with that measured by Lee and Fozzard 17 in rabbit ventricle. Since measurements of extracellular potassium activity alone give no indication of the rate of cellular loss, intracellular K + activity also was measured when pH was altered. The intracellular potassium activity was monitored when the pH of the bath was changed from 7.5 to 6.1 (Table 1) . Because of difficulty of maintaining electrodes in the cell over 2-hour periods, the values represent 12-15 cells in each of five preparations sampled at 1 hour and the same number at 2 hours. In five preparations the intracellular potassium activity decreased a mean value of 8 mM after 1 hour and a mean value of 15 mM after 2 hours. Experiments were not continued beyond 2 hours. On washing, intracellular potassium activity returned to control within 15 minutes. When pH was decreased to 6.8, potassium loss over 1 hour was only 3 mM and over 2 hours, 5 mM.
ELECTRICAL ACTIVITY
The membrane potential of cardiac tissue is sensitive to extracellular potassium." Therefore, while potassium accumulation was being measured in the extracellular space, electrical activity of nearby cells also was monitored. The decrease in resting potential occurring simultaneously with the increase in extracellular potassium is shown in Figure 2 . The equilibrium potential for potassium (E K ) in this figure was calculated from the potassium activity in the extracellular space and the intracellular potassium activity of a nearby cell. This calculation is only an approximation, as the potassium activity of the solution bathing this particular cell was not measured. It is unlikely that the extracellular potassium is the same in all parts of the tissue, as it is dependent on the rate at which potassium leaves the cells surrounding the space and subsequently diffuses away.
Resting potential decreased 10% at pH 6.1 and 6% at pH 6.8. Maximum dv/dt decreased 23% at pH 6.1 and 15% at pH 6.8. The overshoot of the action potential was decreased 17% at pH 6.1 and 6% at pH 6.8 (Table 2 ). There was occasionally an initial brief (1-5 minutes) increase in overshoot of 3-5 mV above control values. Complex changes occurred in the shape of the action potential consisting of loss of the plateau followed by an increase in the time to full repolarization (Fig. 3) . For a comparison of the effects of acid pH on the electrical activity with the effects produced by an equivalent increase in extracellular potassium, bathing solutions were prepared in which potassium activity was increased to 5.0 mM. The effects of an increase in extracellular potassium on the electrical activity is presented in Table 2 . The changes in these electrical parameters were of a similar direction in the two conditions. The decreases in resting potential were of similar magnitude while the decreases in overshoot and dv/dt were larger in 5 mM K + than in pH 6.1.
Discussion
In isolated superfused rabbit atria a decrease in extracellular pH at constant Pco, causes a loss of potassium from the cells and the establishment of a gradient between the extracellular space and the bathing solution. The magnitude of the gradient should be dependent on the rate at which potassium leaves the cells and, subsequently, diffuses to the bulk bathing solution. In the present experiments diffusion across the endocardium is sufficiently slow to allow an increase in extracellular potassium activity to as high as 4.9 mM. The mean activity value of 4.9 mM at pH 6.1 reported here may be converted to a concentration of 6.6 mM by assuming an activity coefficient of 0.74. A value of 6.6 mM appoaches that at which electrocardiogram manifestations of hyperkalemia appear in the clinical situation. 19 The extent to which these values may be applied to potassium accumulation in myocardial infarction is dependent on the interrelationship of the extracellular acidity with other possible factors in producing potassium loss and on the ability of potassium to diffuse from the area of the infarct to perfused areas. In addition, shifts of intracellular and extracellular water may accompany the ion movements and, therefore, affect the magnitude of ion activities.
The effects on the electrical activity are complex and are likely to be the result of a combination of potassium and hydrogen. At pH 6.1, there is a simultaneous decrease in the resting membrane potential, maximum dv/dt, overshoot, and an early decrease in duration with a time course that parallels the change of the potassium gradient. Hoffman and Cranefield," in a study of the effects of K + on rabbit atria, showed a decrease in resting potential, dv/dt, and duration as K + was increased. In our experiments this was substantiated using K + equivalent to what is seen in the extracellular space at acid pH 6.1. Thus, many of the changes in electrical activity are similar in the two cases. However, the fact that the configuration of the plateau and repolarization phases are dissimilar to those seen with increased K + " suggest that the situation is more complex than can be explained by increasing K + . Other studies of the effects of acid on electrical activity of cardiac tissue have been almost exclusively confined to Purkinje fibers. Hecht and Hutter" reported little change in resting potential at acid pH (to 5.5), and an increase in the amplitude of action potential as well as in the height and duration of the plateau phase, van Bogaert and Carmeliet 21 reported a decrease in maximum dv/dt in cells with high resting potentials as pH was decreased from 7.4 to 4.0. This they attributed to an effect of hydrogen ions, decreasing sodium conductance. Brown and Noble 11 reported that acidification of Purkinje fibers shifts Na threshold in the positive direction, decreases overshoot and decreases maximum diastolic potential, and alters holding potential current in the inward direction under voltage clamp conditions. The extent to which these various results may be influenced by extracellular increases in potassium depends on a demonstration that potassium is lost and does accumulate in Purkinje fibers as it does in the atrial tissue.
In the present experiments the hydrogen ion activity was changed in the extracellular fluid; however, the response of the cells may not necessarily be attributed to an extracellular effect of H + . The permeability characteristics of the atrial cell membrane to hydrogen ions are unknown. In Helix neurons Thomas, 23 using glass pH micropipettes, reported a decrease of 0.2 pH unit in internal pH in response to changes in external pH from near 7.5 to pH 6.0 over a 20-minute period. Paillard, 24 also using glass microelectrodes, showed a change from about 6.8 to 6.6 over a 30-minute period in intracellular pH of large crab muscle fibers as extracellular pH was changed from 7.5 to 6.2. It is, therefore, reasonable to assume that some intracellular pH changes occurred in the present experiments. Since HCO 3~ was altered in present experiments, a C1~-HCO,~ exchange also might have occurred, altering internal pH.
Three possibilities for initiation of potassium loss are: (1) change in membrane potassium permeability favoring net outward movement, (2) an H + -K + exchange mechanism, and (3) direct or indirect effect on the Na + -K + pump favoring a net potassium loss. Although no evidence is at present available in cardiac tissue to favor the first two possibilities, there is evidence that hydrogen ions may have an effect on the Na + -K + pump. Balasubramanian et al." (their Fig. 4 ) reported a decrease of 88% in cardiac Na + -K + ATPase activity when the pH of the incubation medium was decreased from 7.5 to 6.1 and 50% when pH was changed from 7.5 to 6.8. In a different preparation, Sorokina" reported that hydrogen ion has an inhibitory effect on active transport in snail neuron. A partial and reversible inhibition of the pump is an attractive hypothesis but it awaits experimental verification.
